Rhynchosporoside, a phytotoxic compound, has been isolated from cultures of Rhynchosorium secalis, the causal agent of scald disease of barley. The toxin is a cellobioside of 1,2-propanediol. The compound may play some role in symptom expression because it was isolated from diseased plants in concentrations similar to those that could cause symptoms in toxin-treated plants. The toxin causes leaf tip and marginal necrosis and subsequent chlorosis of the entire leaf.
The toxin affects only certain cultivars and lines of barley and rye; however, it also affects certain nonhosts of R. secalis. The genetic factor controlling host resistance to the fungus is not identical to that controlling insensitivity to the toxin.
Rhynchosporium secalis (Oud.) Davis is the causal organism of scald disease in barley and many other grasses. Infected areas on leaves initially appear as grey, water-soaked lesions about 10 days after inoculation. Occasionally, these lesions become dry but retain a grey-green appearance. more commonly, however, the dry oval-shaped lesions become straw-colored with dark brown margins giving a characteristic scalded appearance. When lesions become too numerous on the leaves, photosynthesis is drastically impaired and yields are reduced. The disease is found in the important barley growing areas of the world and is a major disease of this crop. We have observed that its incidence and economic importance appear to be increasing particularly under conditions of continuous cropping in no-till agriculture.
Originally, Ayesu-Offei and Clare (1) showed that toxic metabolites were present in crude culture filtrates of R. secalis. Some of the symptoms of the scald disease were induced in lines of barley, oats, and wheat when treated with these filtrates. The intent of this report is to show the isolation and characterization of a metabolite of R. secalis that has phytotoxic activity and its role in the scald disease. The compound has been given the trivial name rhynchosporoside.
MATERIALS AND METHODS
Cultures. R. secalis used in this study was originally isolated from naturally infected barley in Montana and designated the Lew isolate. California races of R. secalis were provided by L. Jackson and R. Webster of the University of California, Davis. The organisms were maintained for sporulation on lima bean agar. The Lew isolate used for toxin production was grown at 200 in a 5-liter Roux bottle containing 10 g of malt extract and 1% yeast extract per liter of medium. The medium was brought to pH 5.5 with concentrated HCI, sterilized by autoclaving, and then inoculated with about 107 fungal spores. Maximal toxin production occurred between 9 and 12 days.
Plants. Barley cultivar var. Hannchen C.I. 531, being extremely susceptible to the Lew isolate and sensitive to the toxin, was used throughout this investigation as a bioassay test plant. Near isogenic lines (resistant and susceptible) of Betzes X Piroline *7/Turk and Atlas *8/Turk = Atlas 46 (resistant) and Atlas (susceptible) were used as the differential lines for toxin testing. These lines carry one or more genes for resistance to scald because Turk was the donor of the resistance character (2) . Near isogenic lines of Betzes (Rh), (resistant and susceptible) were also included in the differential toxin test. Ten plants of a third-generation cross of Bonus (susceptible) X Atlas 46 (resistant) were also tested for their reaction to the toxin and to the fungus. For inoculation, plants were sprayed with a spore suspension (106 spores per ml) scraped from an agar plate containing a 2-week-old culture of the Lew isolate. The plants were incubated in the dark for 24 hr at 100% relative humidity (220) and subsequently placed in a growth chamber; symptoms were evaluated 2 weeks after inoculation. All seeds were planted in plastic pots containing sterilized soil and grown in an environmentally controlled chamber at 15-240 diurnal cycle with 26,900 lx of combined incandescent and cool fluorescent light utilizing a 12 § To whom reprint requests should be addressed. 4339
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Proc. Nati. Acad. Sci. USA 75 (1978) 2-propanol/ethyl acetate/H20, 7:2:1 (vol/vol), (c) 1-butanol/ pyridine/H20, 9:5:4 (vol/vol), (d) 1-butanol/acetic acid/H20, 4:1:5 (vol/vol), (e) ethyl acetate/pyridine/H20, 8:2:1 (vol/vol), and (f) 1-butanol/ethanol/H20/NH4OH, 40:10:49:1 (vol/vol). Thin-layer chromatography was performed on precoated glass plates layered with Silica Gel 60 (Merck) in the following solvents: (g) 1-butanol/acetic acid/H20, 4:1:1 (vol/vol), (h) ethanol/NH4OH, 7:3 (vol/vol), (i) benzene/acetic acid/methanol, 2:2:6 (vol/vol), (j) propanol/H20, 7:3 (vol/vol). Plates were sprayed with the universal spray reagent, 5% H2SO4 in 100% ethanol, and the toxin was detected on paper chromatograms by the methods of Trevelyan et al. (3) . The alcohol serving as the aglycone moiety was detected on thin-layer plates and paper chromatograms with 0.5% KMnO4 in 5% Na2CO3 as well as with Trevelyan's reagent (3) .
Toxin Purification. The fungal spores and mycelium were removed from the medium (1 liter) by straining it through four layers of cheesecloth and filtering it under reduced pressure through an AP 252512450 Millipore filter pad. The filtrate was concentrated to 50 ml under reduced pressure at 500, and acetone (-15°, 150 ml) was added with stirring. The precipitate was removed by centrifugation for 10 min at 20,000 X g. The acetone in the supernatant liquid was removed under reduced pressure and the remaining aqueous solution was extracted three times with equal volumes of chloroform. The chloroform solutions were pooled and mixed with an equal volume of H20. The chloroform phase was discarded and the original aqueous phase plus the aqueous phase of the chloroform solution were pooled and taken to dryness under reduced pressure. The residue was extracted three times with 15 ml of water-saturated 1-butanol. The butanol solution was centrifuged to remove debris and then taken to dryness under a stream of clean dry air. The residue was dissolved in 2.0 ml of H20 and applied to a 1.5 X 50 cm column of Bio-Gel P-2 and eluted with distilled H20. Fractions (2 ml) were collected and assayed for total carbon with a total CO2 analyzer, and the contents of each tube were assayed for biological activity. The fractions containing biological activity were pooled, reduced in volume, and chromatographed on thin-layer plates in solvent g. The area containing the biological activity was scraped from the plate and eluted with 15 ml of H20. Suspended Silica Gel particles were removed by centrifugation, and the filtrate was evaporated to dryness and resuspended in 0.5 ml of H20. The toxin solution was chromatographed on water-washed Whatman no. 541 paper in solvent d. The area containing biological activity was eluted with H20 and the liquid was passed through a (1.5 X 0.5 cm) column of Dowex 50 W-X8, H+ form, which was then rinsed with 1-2 ml of H20, and the total effluent was evaporated to dryness. The residue was finally chromatographed on water-washed Whatman no. 541 paper in solvent c with distilled pyridine in the solvent mixture. The area on the chromatogram possessing biological activity was eluted with H20 and the aqueous extract was lyophilized.
Isolation of Toxin from Infected Plants. Barley plants (2 weeks old, var. Hannchen) were inoculated with a spore suspension of R. secalis and the plants were treated as previously described. After 2 weeks, the inoculated leaves had developed typical scald lesions. At this time, 50 g of infected leaves were collected and homogenized in 500 ml of 0.1 M phosphate buffer, pH 7.0, at 40 in a Waring Blendor. The debris was removed by filtering the suspension through four layers of cheesecloth. The solution was centrifuged at 20,000 X g for 10 min and the supernatant liquid was reduced in volume to 65 ml under reduced pressure. The toxin was isolated from this solution as described above. Uninoculated plants, processed in the same 3-Glycosidase Measurements. Barley plants, 15 days old, were homogenized in a cold mortar with 4 ml of 0.2 M sodium acetate, pH 5.0, per g of fresh tissue. The debris was removed by centrifugation at 30,000 X g for 15 min and the supernatant liquid was used as a source of ,3-glucosidase activity. Enzyme activity was determined by following spectrophotometrically the hydrolysis of p-nitrophenyl-f3-D-glucopyranoside at 400 nm (4) . The reaction mixture (3 ml) contained 100 mM sodium phosphate, 50 mM citric acid (pH 4.6), 12 mM p-nitrophenyl-,3-D-glucopyranoside and plant enzyme. The mixture was incubated at 360 for 30 min and the reaction was stopped by the addition of 3 ml of 0.2 M sodium carbonate. Protein was determined by the method of Lowry et al. (5) using bovine serum albumin as a standard.
Analytical Methods. Gas-liquid chromatography of the hydrolyzed (2 M trifluoroacetic acid, 2 hr, 1200) and silylated toxin was performed on an F and M gas chromatograph according to described conditions (6). Gas-liquid chromatography was also performed on the hydrolyzed toxin by using a 0. 4 (13), with no apparent molecular ion. The spectrum of authentic 1,2-propanediol was virtually identical to that of the natural product. The prominent peaks at 45 and 59 are characteristic of primary and secondary alcohols (7).
The toxin (40 ,ug) was incubated for 12 hr at 370 in 30 ,Al of H20 containing 60 ,g of almond (3-glucosidase and 50 mM sodium acetate, pH 5.0. The reaction was stopped by the addition of some beads of Dowex 50,200-400 mesh, H+ form, and the solution was chromatographed in solvents c and d. The primary products of the reaction were glucose and a compound whose RGCI values were 1.40 in solvent c and 1.58 in solvent d. This compound had an RF identical to the DL-2-O-a-D-glucopyranoside of 1,2-propanediol. The biological activity of the toxin was at least 80% destroyed after treatment with 0-glucosidase, because only a small amount of the undigested toxin remained in the reaction mixture. Furthermore, the biological activity of the glucoside is not known. When the toxin was subjected to mild acid hydrolysis in 2 M trifluoroacetic acid for 5 hr at 500 and then chromatographed in solvents c and d, several compounds appeared among which were cellobiose (as distinguished from gentiobiose and laminaribiose), the glucoside observed above, the unreacted toxin, 1,2-propanediol, and glucose. No breakdown products of the toxin were ever noted when 60 ,ug of yeast a-glucosidase was used in a reaction mixture with the toxin along with 50 mM potassium phosphate buffer at pH 6.8. The theoretical yield of glucose from the acid-hydrolyzed toxin is 86.9% and the observed value was 86.0% as determined by the reducing sugar test of Nelson (8) . This is based on the proposed structure of the toxin being one of the cellobiosides of 1,2-propanediol.
Spectral Analysis. The nuclear magnetic resonance spectrum of the toxin gave a clean doublet (J = 7.35 Hz) at 6 1.28 ppm (integrating for ca three protons) which could be attributed to a methyl functionality on the aglycone portion of the molecule (Fig. 2) . The NMR spectrum of authentic 1,2-propanediol contains a doublet at 6 1.3 with a J = 7.3 Hz. The multiplet at 6 3.4-4.08 (ca 14 protons) was assigned to unexchanged sugar protons (9) and also to the protons on the aglycone carbons Hz) which were assigned to the anomeric protons in both glycosidic bonds. The resonance peak at 6 4.68 was assigned to the anomeric proton on the f3-glycosidic carbon in cellobiose and the one at 6 5.37 was assigned to the anomeric proton of the a-glycosidic carbon bearing the aglycone moiety. These assignments are consistent with the proposals of VanderVeen (9) relative to the chemical shifts and coupling constants of the anomeric protons in glycosidic linkages.
Isolation of the Toxin from Infected Plants. One criterion for the involvement of any phytotoxin in a plant disease is that it be isolated from plants infected by the pathogen (10) . We attempted to isolate rhynchosporoside from infected barley by using the described procedures. The bioassay test was conducted at various stages in the purification scheme, each time with a positive indication of biological activity. At the last step in toxin purification a compound was found that possessed the same biological activity as that of rhynchosporoside. Furthermore, this compound had the same RF values in chromatographic solvent systems c, d, and e as did rhnychosporoside. The infrared spectrum of this compound was identical to that of rhynchosporoside. About 2 mg of toxin was recovered from the 50 g of fungus-infected barley leaf material; no toxic activity nor toxin per se was ever recovered from uninfected plant material.
Biological Activity Studies. Rhynchosporoside (25 ,ug/ml) had no effect on the resistant member of the Betzes X Piroline, Atlas, and Betzes cultivars, although their susceptible counterparts were sensitive to the toxin. Nevertheless, the direct correlation between resistant and susceptible reactions to the fungus and sensitivity to the toxin was not constant in all cases. Table 3 shows that 10 individual F3 plants of an Atlas 46 (resistant) X Bonus (susceptible) cross did not give a 1:1 relationship between sensitivity to the toxin and resistance to R. secalis. Some individual F3 plants normally susceptible to the fungus were insensitive to the effects of the toxin, and some plants normally resistant to the fungus were sensitive to the toxin.
Limited host-range studies were conducted on 10-day-old plants using 25 ,ug of toxin per ml under standard toxin assay conditions. Rye, Secale cereale L. varieties Spring and Prolific, were extremely sensitive to the toxin, whereas cultivar Winter was resistant. Rye is a common host for R. secalis. Some cultivars of Triticum aestivum L. wheat, generally considered a nonhost of R. secalis, nevertheless were sensitive to the toxin-i.e., cultivars Cheyenne and Nugaines-whereas Norana was insensitive. Oats, Avena sativa L., cultivars Otana and Park were sensitive to the toxin and cultivar Cayuse was insensitive.
Other R secalis Isolates. Races of R. secalis varying in their pathogenicity on barley (11) were also tested for toxin pro- After approximately one year of successfully subculturing the Lew isolate of R. secalis on the lima bean agar at monthly intervals, it completely lost its ability to infect any of the hosts on which it was originally pathogenic. The attenuated culture produced detectable but reduced quantities of rhynchosporoside. All attempts to restore a pathogenic character and increase toxin production in the attenuated culture of R. secalis via the use of filter-sterilized or autoclaved barley extracts (12) were not successful. Nevertheless, the organism can be maintained in a pathogenic state for several years if its spores and mycelium are lyophilized. P-Glucosidase Studies. The possibility was examined that insensitivity to rhynchosporoside expressed by several of the barley varieties used in the study was due to high levels of f3-glucosidase activity in the tissues. On a specific activity basis, the Betzes X Piroline (resistant) had 87% of the fl-glucosidase activity of Betzes X Piroline (susceptible). However, Hannchen (susceptible) and Atlas 46 (resistant) possessed virtually the same relative specific activity of (3-glucosidase. No significant changes in f3-glucosidase activity were noted in either Betzes X Piroline (susceptible) or Hannchen barley during the infection process compared to the healthy controls. fl-Glucosidase assays -were made every 3 days from the time of inoculation through the time that symptoms appeared on the leaves, ca 14-17 days.
DISCUSSION
Rhynchosporoside was isolated from a culture of R. secalis, the causal agent of scald disease of barley. The nature of this phytotoxic glycoside was ascertained by chemical and spectral analyses. The compound is a cellobioside of 1,2-propanediol. There are eight possible isomers of such a glycoside-i.e., a or , configuration, 1-0 or 2-0 attachment to the algycone, and D or L isomer of the propanediol. It seems likely that the aglycone is a-linked to the glycoside because there was a peak at 6 5.37 with a J of 2.5 Hz which is consistent for an a-glycosidic bond (Fig. 2) . This bond, however, was not readily hydrolyzed by the yeast ca-glucosidase probably because of the specificity of the enzyme for its substrate. It seems likely that the glycosidic linkage is 2-0 to the aglycone because both f3-glucosidase treatment and mild acid hydrolysis yielded a product with the same RF values as the authentic DL-2-0-a-D-glucoside of 1,2-propanediol. The other details concerning the isomer of the aglycone involved (D or L) and more chemical evidence for its attachment site (1-0 or 2-0) will be established when the toxin is synthesized and compared with the natural product both chemically and biologically. The ustilagic acids are the most commonly known fungal cellobiosides, thus establishing a precedent for compounds of this type (13) . However, the aglycone moieties of these acids are 16-carbon hydroxylated fatty acids.
Rhynchosporoside causes necrosis and chlorosis on leaves of certain barley varieties. Since the compound is found in plants infected by R. secalis and not in healthy plants we can suspect that it plays some role in symptom development. If the bioassay test is an adequate estimation of plant sensitivity to the toxin, then it would seem that enough toxin was recovered from infected plant material to account for some of the in vivo disease symptoms-i.e., 40 ,jg of toxin per g of plant material. Furthermore, because of the relative insensitivity of the bioassay test system utilized in this study, it is perfectly conceivable that other toxins in addition to rhynchosporoside are also produced by R. secalis.
Tissue sensitivity to the toxin is not identical with tissue susceptibility to the fungus as is the case with a number of pathogenic fungi whose host-specific toxins are vital to the infection process (10) . Table 3 shows that in the case of the F3 lines of Bonus/Atlas 46 that all possible combinations can exist between the relative tissue susceptibility to the fungus and the relative tissue sensitivity to the toxin. Attenuated cultures of R. secalis that are no longer pathogenic still produce detectable quantities of the toxin. This suggests that factors other than toxin are vital to the infection process. Thus, rhynchosporoside does not follow the classical description (10, 14) of a host-specific toxin because its host range differs from that of the pathogen that produces it. Nevertheless, the toxin does express specificity and it is for this reason that we have referred to the compound as a hostselective toxin.
Differential segregation for resistance to the pathogen and insensitivity to the toxin occurred in the Bonus/Atlas 46 cross suggesting that these barley lines carrying resistance to scald infection also carry one or more genes for insensitivity to the toxin. This result supports the notion that insensitivity to the toxin is controlled by a factor or factors that are not identical to the genetic mechanism controlling resistance to the fungus. This relationship appears to be similar to that observed in Pyrenophora teres on barley whereby two toxins from this fungus contribute to the disease syndrome but do not determine pathogenicity (15) .
At the outset it appears as though the biochemical mechanism controlling insensitivity to the toxin is not related to the relative levels of soluble fl-glucosidase activity in the plant. This conclusion cannot, however, be firmly formed because only soluble and not membrane-bound fl-glucosidase activity was measured.
Furthermore, an artificial substrate, and not rhynchosporoside was used to measure enzyme activity. It is perfectly conceivable that l3-glucosidase activity from different barley sources would vary in its substrate specificity for rhynchosporoside which would markedly change our conclusions.
In those barley-R. secalis interactions in which the host carries the sensitivity factor to the toxin, one would expect a greater crop loss due to the additive detrimental effect of the toxin. By the same token, in those barley-R. secalis interactions in which the barley cultivar is insensitive to rhynchosporoside but susceptible to R. secalis, we would expect less severe scald symptoms and subsequently a lighter crop loss. It is also likely that some barley cultivars are in production that are resistant to R. secalis but carry the sensitivity factor to the toxin (Table  3 ). Therefore, from these studies we see the possibility of developing a workable toxin-screening system in barley breeding programs that utilizes rhynchosporoside as a screening tool. 
